
RD-RlE 611 CALCULATION OF POTENTIAL ENERGY SURFRCES FOR NCO AND 1/i
HNO USING NRNY-BODY HETHODS(U) ARMY BRLLISTIC RESEARCH
LAB ABERDEEN PROYING GROUND MD G F ADAMS ET AL. JUN BE

UNCLASSIFIED BRL-TR-2?37 F/G 7/4 HL

,EEEEEEE



77:7 -.

28

IIIB *tlll .2 a*2n

MiCROCOPY RESOLUTION TEST CHART 

%*.

NA',O 4L 8URE.U 01 SANDAROS- '965

V~~ . .

%b *



-7S

US ARMY
MAER REL
COMMAND P.TECHNICAL REPORT BRL-TR-2737

'U-,

(0
,.-

'( CALCULATION OF POTENTIAL ENERGY
SURFACES FOR HCO AND HNO USING

MANY-BODY METHODS

George F. Adams
Gary D. Bent -

June 1986

APPROVD FOR PUUC RELEAS; DISRIBUMlON UNUMITED.

US ARMY BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND

r_..: 86 -n



Destroy this report when it is no longer needed.
Do not return it to the originator.

Additional copies of this report may be obtained
from the National Technical Information Service,
U. S. Department of Commerce, Springfield, Virginia
22161.

The finding- in this report are not to be construed as an official
Department of the Army position, unless so designated by other
authorized documents.

The use of trade names or manufacturers' names in this report
does not constitute indorsement of any commercial product.



UNCLASSI FIED
$f:Ci.RITY CLASSIFICATION OF THIS PAGE /W"o*in Data Fntered)

REPORT DOCUMENTATION PAGE OREAD INSTRUCTIONS
BEFORE COMPLETING FORM

REPORT NUMBER 2.GOVT ACCESSION N~ -C iCP ET TALG ME

Technical Report BRL-TR-2737 
)VA 6

C TITLE 'and Sttifl)e TYPE OF REPORT & PERIOD COVERED

Final
CALCULATION OF POTENTIAL ENERGY SURFACES FOR HCO Final

AND HNO USING MANY-BODY METHODS 6 PERFORMING ORG. REPORT N-BER

7. AUTHOR(.) 8. CONTRACT OR GRANT NUMeEk't6,

George F. Adams
Gary D. Bent*

9 PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROG.AM ELEMENT. PFOJEC-, TASK
AREA 6 WORK UNIT N B EF,

US Army Ballistic Research Laboratory V
ATTN: SLCBR-IB 1L161 102AH43
Aberdeen Proving Ground. MD 21005-5066 ...-..

I CO' R17LLING OV FICE NAME AND ADOPESS 12 REPORT DATE

U.S. Army Ballistic Research Laboratory June 1986
ATTN: SLCBR-DD-T ,43 6'MERO= 

.o46

Aberdeen Proving Cro,, Mfl 71105-5066-
14 M'.JITORING AGENC NAME & A ORfSS(i 1 different from Cntrot IIn9 Of,: . S -rCL, F'T- CLASS ," thle report)

Unclassified

ITS. EC7.,,i 5 'WNOR~Nt I OU L L

1 ' DiSTRIBUTION STATEMENT (of this Report)

Approved for Public Release; Distribution Unlimited.

7 _ .__ F;' .jTiON S .rEMENT (of the *bocroct entered In Block 20, If dforent from Report)

13 S'JPPMENTAR, NCTES

*U1niversity of Connecticut

Storrs, CT

'Q KEY WOR$ ), .'Cun'inue un over** side if rf. .e. r' and identify 5, block nurmber)

Many-Body Perturbation Theory
Formyl Radical

ITydrogen Nitroxide.
11nimolecular Reaction%

20. ABSTRA,.: -on, s. m re. erse &Ldb f r,.ce voe wId 'denOify by bl)ik number) meg

'Many-body perturbation theory calculations of the potential energy surfaces
pertinent to the hydrogen dissociation reaction of the ground state of the
formyl radical and the three lowest electronic states of hydrogen nitroxide
are summarized. The calculations established that MBPT provides a
reasonable description of the reaction pathway for those molecules not
requiring a multiconfiguration zeroth order wavefunction. The data obtained
for the three states of HNO provide the basis for a statistical estimate of

(' I 4 EDIT ION O I €) NOV 65 1. OBSOLETE

Sl 1473 UNCLASSIFIED

SECL RTY CL ASS F C A': )N ')w T tilS "-A C "r.tni I ,

-- ~* * *. % . % ..
,' ". . 'L ' %" " -' " -"" -, " '-' '."-f-' ." " ". '.'-;. " '"," "- ,, , , * ,"•"-" ', .': ,'. '" •" .'.1



UJNCLASSI FLED
SECURITY CLASSIFICATION C THIS PAGE(Whmmi Date Eneorod)

20. Abstract (Cont'd):

-elative recombination rates in production of these states, leading to a
plausible identification of the source of the chemiluminescence that
characterizes this chemical species. -4k'- rfC

tTNCLASS I Fl ED

SECURITY CL ASSI FIC ATION OF TIS P AGE(14?'..", Dorn Fn Io



Vwk-xw - o

TABLE OF CONTENTS

LIST OF TABLES................................................... 5

I. INTRODUCTION..................................................... 7

II. QUELINE OF THEORY AND COMPUTATIONS ...............................7

Ill. GROUND STATE POTENTIAL ENERGY SURFACE FOR TH4E FORtTYL RADICAL ... 12

A. Background.................................................. 12
B. Potential Energy Surface for HCO + M + H + CO + M .......... 13

TV. POTFNTIAL ENERGY SURFACES FOR DISSOCIATIONI OF HYDROGEN
NITROXIDE, HNO ................................................. 18

A. Background.................................................. 18
B3. Predicted Structures ....................................... 19
C. Excitation Energies ........................................ 19
T). Potential Energy Curves for Pydrogen Dissociation

Reactions of HNO ..........................................23
E. Relative Rates for Recombination Into Three Elect ronic

States of HNO ............................................ 27

V. DISCUSSIoN...................................................... 30

ACKNOWLEDGMENT.................................................. 33

REFERENCE~S...................................................... 35

DISTRiBJ'rIOF LIST .............................................. 41

yo0r

q ~to

n,

QUALITYLI

3



LIST OF TABLES

Table Page

1 Structural Parameters for Formyl Radical, HCO .................. 13

2 Empirical and Theoretical Values of Dissociation Energy

for HCO ........................................................ 14

3 Energy of HCO for Selected RCH and Classical Barrier Height
and Dissociation Energy at Several Levels of Calculation ....... 15

4 Vibrational Frequencies (cm-1 ) for HCO and the Transition

State for the Dissociation Reaction ............................ 17

5 Comparison of Predicted and Experimental Structural
Parameters for HNO and NO ....................................... 20

6 Electronic Energy Predictions for Equilibrium Structures
of HNO ......................................................... 21

7 Vibrational Frequencies of HNO ................................. 22

8 Adiabatic Excitation Energies (kcal/mol) for HNO ............... 23

9 Dissociation Energies of HNO ................................... 24

10 Electronic Energy Predictions for HNO at Selected Values

of RNH for Each State and Classical Dissociation Energy and
Barrier Height for Each State .................................. 25

11 Molecular Data for Hydrogen Nitroxide (cm-1 , amu A 2

kcal/mol) ...................................................... 29

12 Low Pressure Rate Coefficients and Equilibrium Constant
Ratios for HNO, T 300 X ...................................... 30

. ..-:""- - -.. .",". ,:,. ..;- ., ,..i:;": " i;:i::: :.. . . .::- ..,:i' , _i; ;;- :i. .-. .-.: : - :i . .. i ;. : -i -, - , , .:. .,;i:.:":5



I. INTRODUCTION

It has been recognized, since the work of Eyring and Polanyi, 1 that an
understanding of detailed reaction dynamics requires a knowledge of the
topographical features of the potential energy hypersurfaces pertinent to the
chemical reaction. The task of the theoretician is to refine electronic
structure calculations so that electronic energy differences on an energy
surface may be predicted with "chemical accuracy," or about 2 kcal/mol.
Recent publications, by several different groups, establish the importance of
electron correlation effects in studying even qualitative aspects of potential

energy surfaces,2-5 and experience to date indicates that neglect of the
effects of electron correlation can lead to substantial errors in predicted
heats of reaction.

In previous publications we have described the application of the linked-
diagram-based methods, many-body perturbation theory and coupled-cluster
double-excitation theory, for the computation of potential energy surfaces,

3

electronic excitation energies,5,6 and molecular properties. 5 Here we report
details of potential energy surface features for two species commonly found in
flames: formyl radical, HCO, and hydrogen nitroxide, HNO. In particular, we
consider the hydrogen dissociation reactions of these species:

HCO(XIA') + H(2 S) + Co(x1l ) (RI)

HNO(XIA') + H(2 S) + NO(2 f) (R2)

HNO(a3 A ') + H(2 S) + NO( 2 n) (R3)

HNO(AIA") + H( 2 S) + NO( 2R) (R4)

Detailed results will be presented for the potential surfaces pertinent to
these four reactions. In particular, we have computed the minimum-energy
pathways. A less complete description of the formyl radical potential energy
surface has appeared previously.

3

Each of the potential energy surfaces to be described in this report
pertains to a reaction important in flames. In particular, reactions (RI)-
(R4) promise to be important in the oxidation of formaldehyde by nitrogen
dioxide.

7

In the following section we present an overview of the theoretical
calculations. The succeeding sections report reaction hypersurfaces for each
of the chemical species. In the case of hydrogen nitroxide, we also report
simplified rate coefficient estimates in a discussion of the recombination of
hydrogen and nitrogen oxide.

II. OUTLINE OF THEORY AND COMPUTATIONS

Many-body perturbation theory (MBPT) 8- 1 0 and coupled-cluster methods
(CCM)1 1 - 4 are relatively new techniques, compared to configuration
interaction (CI), for the determination of electron correlation effects on
potential energy surfaces. 3 ,5 ,6 , 14 - 2 5 MBPT/CCM methods were orginally
developed for problems in nuclear and solid state physics, 8 '9 where emphasis

7



on correct size dependence, which we refer to as "size extensivity," is
mandatory. Size extensivity is guaranteed by the evaluation of terms that the
many-body formalism identifies as linked-diagrams, 9 hence, the linked-diagram
theorem serves as the cornerstone of the theory. In a solid of an infinite
number of atoms, the correct size dependence is obviously crucial, yet even in
molecular problems this is a highly desirable trait for an approximate method
to possess. 5 ,14 Two primary reasons for this are: (a) only approximate
methods that scale properly with size are suitable for generalization to
larger molecules, such as those encountered in quantum biochemistry,2 6 and (b)
size extensivity assists in computing accurate dissociation energies (or, more
generally, correct relative energies on the surface) when it is necessary to

compare a molecule to its smaller fragments. 5  The latter kind of comparison
is also crucially dependent upon basis set effects 2 7 and whether the
approximate method permits smooth dissociation into the different

*components. 2 0  Heats of formation obtained from calculations using size-
extensive methods can be used just like experimental values to obtain the
heat-of-formation of some complex molecule, while non-size-extensive methods
may require "supermolecule" calculations to provide accurate estimates of
these quantities.

5

MBPT/CCM can be developed from the coupled-cluster ansatz,
1 1- 13

= exp(T)f 0 > (1)

where

T T, + T2 + ... + Tn + .. (2)

Tn =1/n! tabc... t t t (3)

ij... tijk... XaXbXc..XkXjXi

abc...

with

abc...

ijk...

the amplitudes of the n-particle second-quantized operator of Eq. (3). The
form of the wavefunction in (1), combined with the condition that the T
operator in (2) contains no disconnected parts, is sufficient to guarantee
that the energy

E = <(0 1H exp (T)I,0> (4)

contains only linked vacuum diagrams and is necessarily size extensive. The
common choice for 0 is a SCF function of the restricted or unrestricted form,
although this is not necessary.

If we limit T to only double excitations, we obtain the coupled-cluster
doubles (CCD) model. 2 1 Equations for the amplitudes can be obtained by back-
projecting, H exp (T2 )I,0 >, onto the space of CI double excitations. This
leads to a set of nonlinear coupled equations for the amplitudes: 12

... ,"" '. °-'.'%'.,', ''.'-,', . P..-'' ", %. ', ." ,'-4.:' .- - -:,. .5 -" %P-".-t.. , ",-,-" '. " "."' --



<ab~lij> - Dijabtij + c~d <abllcd>t" + k'l <kll ij>tab
<a~i -Djbij i k% 'k1

+ kc (-(kbljc>ti + <kaljc>tbc + <kbllic>tik

- (kallsc>t bC ) + <kllld>tcdtab - 2 ( acbd

c>d
bd ac ab cd cd ab ac bd bd ac
ij k1) - iktjl tiktjl tiktjl tiktjl

=0 (5)

where <pqllrs> and Dijab are defined in terms of SCF orbital energies ci and
by two-electron integrals in the molecular basis set

<pqtlrs> = (XpXr XqXs) - (XpXsXqXr) (6a)

(XxixXs ) = ffd d(r X*() X(r ) X-(r) X(2) (6b)
p r qs 1)f~f 2 p 1  r 1 q 2 s 2

and

Dijab = Ei +  j - Ca - Cb (6c)

From the number of operators involved, the highest terms in the exponential
expansion that contribute to these amplitudes are quadratic.

Notice that there are no more amplitudes to determine in CCD than in the

standard doubles-configuration-interaction (D-CI) function, yet we now have a
size-extensive method that includes most of the effects of CI quadruple

excitations. The latter fact follows by comparison to a CI wavefunction
including quadruples since the CI quadruple-excitation operation C4 is

equivalent to

C T4 + /2T + 1/2T2 T2 + TT 3 + T (7)

However, as Sinanoglu observed, 2 3 T4A which accounts for true four-particle
interactions, is very small, while T2, which accounts for two simultaneous

two-particle interactions, is far more important. Also T 1 = 0 for Brueckner
orbitals, and it is usually small for SCF orbitals, so the last three terms

are normally unimportant. Pence, with only little more effort than required
for D-CI, we obtain a substantially better result.

The iterative solution of Eq. (5) proceeds as follows. Initially the
nonlinear term is neglected, giving

tab (1 = a jjj / (8)
bijab

9
t.()3 = a'i > Dia, 8

° -& -." i' ? ," -'," i-' i.' -. -. --'.- '- '.- '.' ,' -. .. ' ' ., .. -- -.' .'. ',, ,. '-, . ,. -. . .- . -, - - - . ,-, -, , -. ..,-, ', - , -



with energy

E ab <abllij>ti (1) (9)

i>j

This is the second-order perturbation energy. The next iteration, also only

of the linear terms, yields

t (2) = <abtlcd>t..(1) + <klij>t abl)t.(2 c~d ij k~l Jk(

kc
alc tbc()

+ (-<kbf <k>t jc>tik(l)

+ <kbf 1ic>ta(l) - <kal ic>t j () (10)

and

E= ab <abIlij>tab(2) (11)

i>j

The nex biteration of the lnear term woulg be the same as (1), except for

wusing t.. Z) in place of t. (1) to give t. .(3;L). However, we show

elsewherld') that this is no necessary sin~e

ED <abl ij>tij(3 ;L) = bt a (2)1 /D (12)

4 a~b ij a~b ij
i>j i>j

The first nonlinear iteration yields

tab(3;N) = b<klllcd>{t (1)tab(,)- 2[tac()tbd(1)

klij kI ij kl

c>d
bc( ac _ tab( d(l ) + tcd Mtab

ij kl ik jl ik jl

S4(tac(1)tbc(l) + tbd( )tac()}] (13)

which provides the amplitudes for

E2 - ab <abllij>tb(3;N) (14)

i>j

The superscripts D and Q refer to the two components of fourth-order

perturbation theory corresponding to double- and quadruple-excitation

diagrams. This defines the perturbation-theory model DQ-MBPT(4). A similar

consideration of the CCSD wavefunction, exp(T I + T2) I40Q>, leads in addition to

the fourth-order contribution of single excitations which we define as SDQ-

MBPT(4). For the vast majority of cases the DQ-MBPT(4) energy differs from

.1
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CCD by less than I kcal/mol, 5 so (S)DQ-MBPT(4) is often nearly equivalent to
CCD (CCSD); then it is not necessary to converge to the infinite-order
solution of (5a). Another model used in this paper is D-MBPT(4), which is not
as reliable as (S)DQ-HBPT(4). 14 ,1 6 ,28 Due to (12), though, it is very
inexpensive and it generally benefits from some cancellation of errors.
However, this model can be erroneous in difficult cases, so we always report a
CCD result at critical points to guarantee that no unusual complications
occur.

The triple excitations also contribute in fourth-order perturbation
theory leading to a negative contribution that is at least as large as the
individual SDQ contributions, but since the triple excitations are an orderof magnitude more time-consuming to compute than the SDQ components 14 ,29 w

hope that their net effect on most energy surfaces is unimportant. This will
certainly not always be the case though. On the other hand, SDQ-MBPT(4) is
simply a low-order iteration of the CCSD model that is usually close to the
infinite-order value. Thus, this model would seems to be largely justified by
including the two lowest categories of excitation operators just as in SD-
CI. In both cases, selected terms are summed to all orders of perturbation
theory instead of computing all terms of fourth order. Experience should
eventually establish which procedure is better.

The main disadvantage of the MBPT/CCM approach, the restriction to a
single reference function, is not essential to the theory but only to the
current implementation (see References 30-32 for the multi-reference MBPT/CCM
theory). To solve open-shell problems we normally use an unrestricted-
Hartree-Fock (UHF) reference function. It is well-known that such functions
can suffer from large amounts of spin contamination and are not suited to
obtaining any surfaces except those that are the lowest of a given symmetry.
However, the UHF function, unlike an RHF function, will usually allow a
molecule to separate correctly into its fragments for all decomposition
channels. In contrast, multi-reference-function techniques that include all
configurations required to achieve correct separation would be intractable for
even most three- and four-atom molecules. To limit the uncertainty introduced
in using a UHF function for open shells, we monitor the multiplicity in the
calculations. For some cases, such as the A1A" state of HNO in the present

paper, it offers a caution on the interpretation of the results, while for
other cases, such as the 2A' HCO surface, no multiplicity problems are
encountered.

For all the molecular states described in this study, the SCF reference
function is given by a UHF wavefunction. The integrals over atomic functions
were computed using Dunning's 4s3p contraction of Huzinaga's 9s5p primitive
basis set 34 for first-row atoms and Dunning's scaled (=1.2) 3s contraction of
Huzinaga's 4s primitive set for hydrogen. In the formyl radical study, a
single set of d-type (Gaussian) polarization functions augments the atomic
basis sets for carbon and oxygen, with exponents 0.75 and 0.85,
respectively. 3 5 A set of p-type (Gaussian) pol ization functions with
exponent a=l.O augments the hydrogen basis set. For the HNO calculations,
the exponents for the nitrogen and oxygen polarization functions are 0.92 and
1.02, respectively.

3 6

For all molecules, molecular integrals were computed using the MOLECULE
program. 37  Structure calculations for HCO and HNO were performed using the

e.



GRNFNC and UMBPT programs.* The structural parameters and vibrational
frequencies for the equilibrium structure and the hydrogen-dissociation
transition state were predicted using GRADSCF codes. 38  A 6-31G** basis set
was employed in these calculations. 39 The structural parameters for the
triatomics have been optimized relative to D-MBPT(4) calculations.

In the following,the inexpensive D-MBPT(4) model is used for most points
on the energy surface, while CCD and SDQ-MBPT(4) values are reported for
barrier heights and dissociation energies. In the course of the discussion of
the hydrogen dissociation reactions, we consider the barrier height and
dissociation energy for each reaction. The electronic structure calculations
predict values for the classical barrier height, Eb, and the classical
dissociation energy, T)e If vibrational zero-point energy corrections are
included, we then refer to the critical energy, E0 , and the dissociation
energy, Do. The critical energy corresponds to the transition-state-theory
activation energy at 0 K, while Do corresponds to the limit at OK of the heat
of reaction. It is also known as the conventional transition-state
approximation to the vibrationally adiabatic ground-state barrier height or

threshold energy.

IllI. GROUND STATE POTENTIAL ENERGY SURFACE FOR THE FORMYL RADICAL

A. Background

We have published the results of MBPT calculations for the formyl
radical, HCO, including a description of the ground state potential energy
surface. Here we describe a more complete calculation of that surface.

Chemical reactions of the formyl radical are important in all combustion
models that include formaldehyde; hence, all models for the oxidation of
alkanes contain the reaction of the formyl radical. In addition to many
bimolecular reactions of the radical, the unimolecular hydrogen decomposition

reaction is important in many combustion models. Seery and Bowman,4 0 McKellar
and Norrish,4 1 and Fifer 7 have all found the reaction HCO + M + H + CO + M to
be important in analytical models that describe the oxidation of formaldehyde.
The rate coefficient for the reaction has been estimated in various ways, but
there is little agreement among the several papers.7,42 A reasonable estimate
of the rate coefficient for the reaction should be attainable if a reliable
description of the potential energy surface is accomplished. In particular,
an estimate of the critical energy and molecular information about the
transition-state region are required.

There are several published theoretical studies of the formyl radical.
Ab initio UHF calculations for the round electronic state have been used to
predict vibrational force constants 3 and to predict hyperfine coupling

constants. 4 4 Nonempirical restricted Hartree-Fock (RHF) and CI calculations

The program GRNFNC, written by G.D. Purvis, does SCF iterations and
integral transformations. The program UMBPT, written by R.J. Bartlett
and G.D. Purvis, does MBPT, CCD, and VP-DCI.

12



for the ground state and several low-lying excited states have been reported,
along with SCF calculations of potential nergy curves for hydrogen bending
and hydrogen dissociation of the radical. 4 5 The first detailed correlated
study of the ground-state potential energy surface was the study of the
poten.ial energy surfaces for several unimolecular reactions of HCO and
COH.4 6  The results of Dunning's calculations on the potential energy surface
for hydrogen dissociation agree well with the perturbati3n theory results.
Neither of the published correlated treatments, however, describe the angular
variation of the least-energy pathway. Since this information is important
for theoretical calculations of dynamical processes, we have extended our
previous studies to include the angular dependence. For completeness, we also
review the results of our dissociation-energy and molecular-structure

predictions, 3 and we compare them with experimental and other theoretical
values.

B. Potential Energy Surface for HCO + M + H + CO + M

There are few ways to test the accuracy of a potential energy surface
calculation. Certainly an accurate calculation should yield accurate
molecular structures of the reactants and the products. In addition, the
predicted heat of reaction should agree well with the experimental value. If
these tests are satisfied, then the hope that similar accuracy applies for
predictions in the transition-state region may be justified.

In this study, equilibrium structural parameters were determined by
minimizing the total electronic energy as a function of each of the degrees of
freedom in the molecule. The total energy was calculated by adding the D-
MBPT(4) estimate of the correlation energy to the energy calculated with the
UHF wavefunction. The theoretically determined structural parameters for the
formyl radical are compared with experimental values4  in Table 1. The
agreement between theory and experiment is excellent.

Table 1. Structural Parameters for Formyl Radical, HCO

a b
UHF D-MBPT(4) RHFCIa Experiment.

RCH (a0 ) 2.078 2.10 2.116 2.126

RCO (a0 ) 2.218 2.245 2.249 2.220

OHCO (deg) 126.8 124 125.9 124.95

a. Reference 46.
b. Reference 47.

A more revealing test of the theory is the calculated values of the heat
of reaction for the hydrogen dissociation. Recent experimental research on
the dissociation process implies a dissociation energy equal to 15.5 kcal/
mol. 4 8 The experimental value is compared with several different theoretical

estimates in Table 2. It is apparent that each of the linked-dkagram-related

13



theoretical methods and the CI calculation4 6 give the dissociation energy with

good accuracy. On the other hand, the UHF dissociation energy is more than 10

kcal/mol too low. In a series of calculations to determine the dissociation

energies for the reactions

CH iO +. Hi_O + H i = 1, 2, 3, or 4

we have found that MBPT calculations of the quality described here give values

that are 1 to 3 kcal/mol below published experimental values. Dissociation

energy calculations at the SCF level, however, neither agree with experimental

values nor reflect experimental trends. Thus it is necessary to includL

correlation energy effects if chemically accurate energy differences are

desired.

Table 2. Empirical and Theoretical Values of Dissociation Energy for HCO

AHR,300 (kcal/mol)

Experimenta 15.5 * 1.5

Theoretical Values

UHF 4.6

D-MBPT(4) 12.9

SDQ-MBPT(4) 12.9

CCD 13.0

SCF-CIb  12.2

a. Reference 48.

b. Reference 46.

The potential energy surface for the hydrogen-dissociation reaction of
the formyl radical is computed at the D-KBPT(4) level. For 12 choices of the
carbon-hydrogen bond length, the energy is minimized with respect to

variations in the carbon-oxygen bond length and the bond angle. Only
nonlinear geometries are considered. The nonlinear nuclear arrangements
belong to the point group Cs, and the ground electronic state for HCO is X2 A'.

This state correlates with the ground states of the products. The electronic

energy at t.xtrema on the surface are computed using higher energy levels of
theory, SDQ-MBPT(4), and CCD. Some of the results are reported in Table 3 and

the D-MBPT(4) results are displayed in Figure 1. The most striking result of
the hypersurface calculation is the magnitude of the potential energy barrier
at the transition state. A classical recombination barrier range of 6.7 kcal/
mol (CCD) to 7.4 kcal/mol ID-MBPT(4)] is obtained from the various correlated

calculations.

14
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Figure 1. The Calculated [D-MBPT(4)] Potential Energy Curve for the
Hydrogen Dissociation Reaction of the Formyl Radical

For each choice of RCH shown, the bond angle and carbon-oxygen bond
length were optimized.

These values should not be compared directly with the experimentally
derived activation energy, 2 kcal/mol, in particular since the latter is a
temperature-dependent quality. The experimental activation energy was
determined for the temperature range, 298 K < T < 373 K, with H2 as the third
body. 49  The electronic energy difference between the barrier maximum and
reactants, when corrected for the difference in zero-point vibrational
energies, will be called the critical energy, E0 , for reaction. (See end of
Section II.) Theoretical models that describe unimolecular reactions include
an exp(-Eo/kT) factor, so that the critical energy accounts for a part of the
observed chemical kinetic temperature dependence. To predict the critical
energy, we must know the vibrational frequencies of the transition state
species. Although theoreticians have demon rated the capability to predict
vibrational frequencies with good accuracy, the effort expended to obtain
very high accuracy encourages the use of simpler approaches. In this study,

we predict vibrational frequencies using high-quality self-consistent-field
calculations to predict the Cartesian force constants. The calculations are
performed using the GRADSCF system of electronic structure codes. Although
the basis sets used in computing the vibrational frequencies differed from
those used in the MBPT calculations, the basis sets were of similar quality.
Predicted frequencies for the equilibrium formyl radical and the saddle point
are presented in Table 4. A comparison of the predicted and observed

16



frequencies 5 1- 5 3 for the radical shows that this level of theory gives
vibrational frequencies that exceed experiment by about 15%. On the other
hand, our experience indicates that the zero-point vibrational energy
differences are predicted with reasonable accuracy by the SCF calculations.
Consequently, a good estimate of the critical energy for the hydrogen
dissociation can be made. The results of the correlated calculations give an
electronic energy barrier of approximately 23.1 kcal/mol, while the predicted
zero-point energy change is -5.0 kcal/mol. Thus, the predicted critical energy
for the dissociation reaction is about 18.1 kcal/mol.

The good accuracy obtained with the MBPT calculations in predicting the
structural parameters of the formyl radical and the dissociation energy for
the hydrogen dissociation reaction suggests that, in this instance, the use of
a UHF wavefunction as the zero-order function does not introduce severe errors
into the study of the potential energy surface. Furthermore, although the
wavefunction was not a spin eigenfunction, the wavefunction did apSroximate
the correct spin-multiplicity (2.0) at every point on the surface. This
result is not general, however, since only a single bond is being broken and
the zero-order function is well-approximated by a single-determinant reference
function.

Table 4. Vibrational Frequencies (cm-1 ) for HCO and the Transition
State for the Dissociation Reaction

Predicted Observed
Molecule

Vi (CH stretch) 3050.7 2483 a

v (CO stretch) 1932.2 1868.4 b

v3 (HCO bend) 1247.7 1080.76 c

Transition State

vI (reaction coordinate) 1216i

V2 (CO stretch) 2187.0

v3 (ICO bend) 557.4

a. Reference 50.
b. Reference 51.

c. Reference 52.
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IV. POTENTIAL ENERGY SURFACES FOR DISSOCIATION OF HYDROGEN NITROXIDE, HNO

A. Background

The chemistry and spectroscopy of hydrogen nitroxide, HNO, have been
objects of experimental and theoretical study for many decades. The gas-phase
recombination of hydrogen and nitrogen oxide represents a typical three-body
reaction,

H + NO + M + HNO + M(R5)

However, three distinct bound electronic states of the product are accessible
after recombination:

H(2 S) + NO( 21) + M + HNO(XlA') + M(R6)

+ HNO(a 3A") + M(R7)

+ HNO(A 1 A") + M(R8)

and formation of each of the product states has been proposed. 54 - 5 7 The
reaction of hydroeen with nitric acid oxide produces a red emission
corresponding to,1 8 - 6 0

HNO(AA' A") + HNO(XIA') + hv (R9)

The branching ratios for the three recombination reactions are unknown, and
the mechanism for production of the A1 A" state of HNO is not established.
Clyne and Thrush5 1 have proposed that AIA" state is not produced directly, but
that recombination occurs to the a3 A" state followed by a radiationless

transition

HNO(a 3 A") + HNO(IA") (RiO)

This mechanism has been disputed,6 1 primarily because Clyne and Thompson
assumed that no recombination barrier occurred on the a 3A" surface. A more
recent theoretical study of the potential energy curves for the molecule
demonstrates the existence of potential barriers for both the a 3A" and XIA"
surfaces, but the predicted barriers are low enough, 3.7 kcal/mol and
7.8 kcal/mol, for hydrogen recombination to occur thermally. 6 2 These CI
calculations of the potential energy surfaces, however, used SCF energy-
optimized structures of the ground electronic state for all three of the low-
ling curves. In this study, we compute potential energy curves for the XIA ' ,
a A", and AA" states, optimizing RNO and 0 for each value of RNH computed on
each of the curves.

The energy separation of the X1 A' and Ilk" states has been determined by
a number of experiments to lie in the neighborhood of 1.63 eV. 5 9 '6 0 ,6 3 ,6 4

Recent experiments on the 02( Ag)-sensitized chemiluminescence of HNO suggest
the existence of a triplet state about 0.8 eV above the ground state.6 5  A
more recent experiment established the excitation energy to be 0.85 eV
(19.6 kcal/mol). 6 6 Several theoretical studies predict excitation energies
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for these two transitions that agree moderately well with the experimental
values.62,67,68  Since we wish to estimate relative rates of recombination
into the three states, it is important that our predicted potential energy
curves accurately predict the structure of HNO in each state and the energy
separating the states. Therefore, we report D-MBPT(4) energy-optimized
structures for the X1 A', a3 A", and XlA" states of HNO, as well as MBPT/CCM
values for the excitation energies corresponding to the X1 A' . a3 A" and
X'A' + V1 A" processes. Subsequent sections describe the theoretically
determined dissociation energies for each of the bound states and enumerate
the details of the potential energy surfaces. Finally, we estimate the low-
pressure recombination rate ratios.

B. Predicted Structures

The structures of HNO in the ground and A1 A" excited states were
established by Dalby in his classic study.6 3 A comparison between the
experimental structural parameters 6 3 ,69 and those obtained from D-MBPT(4)
calculations is offered in Table 5. Excellent agreement between theory and
experiment is found for each state, although the predicted parameters for the
ground state agree more closely with Dalby's values than do those for the
excited state. No empirically derived structural parameters are available for
the a3A ' state. The predicted parameters obtained in our study differ
signficantly from those predicted in various SCF studies. An SCF calculation
using a 4-31C basis set predicts an NO bond length of 2.382 a0 , an NH bond
length of 1.911 a0 , and a bond angle of 114.8.1 This structure agrees
better with the structural parameters for the A A" state than with those of
the triplet state. An SCF calculation using the extended 6-31G** basis set
predicts an NO bond length of 2.322 an, and an NH bond length of 1.915 a0 ,
both in reasonable agreement with the D-MBPT(4) results. However, in this
case the SCF predicted bond angle, 112.1, differs by more than 110 from the
MBPT predicted value. Interestingly, SCF calculations for the XIA" state
predict the bond angles well, 108.90 but do poorly at predicting the bond

lengths (RNO, 2.22 a0 , RNH, 1.95 a0 ).
70  Since the MBPT calculations predict

structural parameters that agree well with experiment for the two singlet
states, we contend that the structural parameters predicted by the MBPT
calculations for the a3A ' are preferable to those predicted by the SCF-level
calculation. It should be noted that each of the triplet state wavefunctions
had a multiplicity close to 3.0. In particular, the multiplicity for the 4-
31G calculation is 3.02, that for the 6-31G* calculation is 3.02, and the
result for the D-MBPT(4) calculation is 3.01.

C. Excitation Energies

In addition to establishing the structures for HNO in the X1 A' and VA"
electronic states, Dalby determined that the excitation energy corresponding
to the process X1 A' + A ''A" is 1.63 eV.6 3 Recently, Ishiwata, et al., reported
that the excitation energy for the process X A' + aA equals 0.85 eV. 66  We
summarize in Table 6 the computed electronic energies for the XIA', a3 All,
and AXA" states of HNO. Note that the UHF calculations predict that the
ground state is a triplet state. Each of the correlated calculations, on the
other hand, orders the electronic states correctly.

To compare predicted excitation energies with experimental values for
adiabatic excitations, the zero-point energy for each of the states must be
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Table 5. Comparison of Predicted and Experimental Structural Parameters

for HNO and NO

D-MBPT(4) Experiment Reference

HNO

X1A'

RNO (a0 ) 2.307 2.290 63

RNH (a0 ) 2.007 2.009

e (deg) 107.8 108.6

a3A-

RNO (a0 ) 2.302 .....

RN. (a0 ) 1.938 .....

a (deg) 123.8 .....

A11A"

RNO (a0 ) 2.31 2.345 63

RNH (a0 ) 1.94 1.985

e (deg) 114.4 116.3

NO

X2 I

RNO (a0 ) 2.149 2.1747 69

included. Experimental frequencies are available for ths XIA' and AA"
states, but no experimental data are available for the a A" state. Therefore
we have computed vibrational frequencies for the XIA' and a3A" states in order
to compute the zero-point energy difference for the Xa transition. As may be
seen in the comparison shown in Table 7, there is poor agreement between the
experimentally determined frequencies and those predicted by the SCF
calculations. If, however, the frequencies for each state are reduced by 15%,
the ground state frequencies agree reasonably well with the experimental
values. As noted during our discussion of the formyl radical, however, the
SCF calculations generally yield zero-order energy differences that agree well
with experiment, so we use the SCF prediction for the zero-point energy
change, 1.3 kcal/mol.

The theoretically calculated and experimental excitation energies are
compared in Table 8. We report MBPT and CCD calculations for excitations to

20

S . . ... . . .. . .



Z-CC 0

cc en m ' en m 4 en.

0 -t en c

+* .

00 o -N

-4

-4 -

0
44-4

0

91.

ON- 0 0 - 0 0

en w

i

14

t-i - as 00 1.00 0 C
0 U( ) O c -zj -
m ~ -.1 It 4 S -T en

-4C.4i 1 C14 C*

4 -4
0 *-*ow

* U ,*% s ' ~ -d ..~ 0

I- ~ -4 ~ 4 0.. 0. C ,

21



the a3A ' and AA" states. These predictions may be compared to experimental
excitation energies and those obtained via configurations interaction
calculations. 56 ,62 The MBPT and CCD results include zero-point energy
corrections. The linked-diagram related calculations yield excitation
energies that are lower than the experimental values. These results are
similar to the CI results of Wu, et al. 5 6 That our calculations predict the
excitation energy to the 'A'A" state to be too low is not surprising, since the
UHF wavefunction for that state has a computed spin multiplicity of about
2.24. Obviously the wavefunction contains a substantial amount of triplet
state character, leadin5 to a low value for the excitation energy. The
excitation energy for a A!' state agrees well with experiment. The detailed
analysis of the contributions to the correlation energy, Table 6, shows that

the second-order, double-excitation contribution recovers almost all the error
contained in the UHF calculation. Furthermore, even though the fourth-order
MBPT calculation is not completely converged (the calculation is said to be
converged if the contribution to the correlation energy, at order n say, is
less that 10-4), the relative energies determined at that level of calculation
agree well with the D-MBPT(6) and converged CCD results. Finally, the
agreement between each of the fourth-order MBPT calculations that include both
double- and quadruple-excitation diagrams, DQ-MBPT(4) and SDQ-MBPT(4), and the
CCD calculations suggest that the difference between CCD and D-MBPT(4) is due
to the inclusion of quadruple-excitation effects in the CCD calculations.

Table 7. Vibrational Frequencies of HNO

State, Mode P.-a;,teda  Experiment

XIA'

NH Stretch 3297 2684.7 b

.

NO Stretch 1971 150 0 .8 c

HNO Bend 1718 1565.3 c

a3A ,,

NH Stretch 3590 .........

NO Stretch 1511 .........

HNO (Bend) 966 .........

a. SCF calculation using GRADSCF (Reference 38). Basis set: 6-31G**
(Reference 39).

b. Reference 71.

c. Reference 72.
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Table 8. Adiabatic Excitation Energies (kcal/mol) for HNO

D-MBPT(4) D-MBPT(6) DQ-MBPT(4) SDQ-MBPT(4) CCD Exp. CIa CIb

XlA'.a 3A" 18.4 19.2 17.0 16.9 16.6 19 .7
c  16.3 21.4

XlA'AA'  35.1 36.1 33.5 32.7 32.9 3 7 .6 d 36.9 43.8

a. Reference 56.
b. Reference 62.
c. Reference 66.
d. Reference 63.

Since the MBPT calculations predict the energy separations of the three-
lowest electronic states of HNO with good accuracy, we now turn to the
representation of the potential energy surfaces for each of these states.

D. Potential Energy Curves for Hydrogen Dissociation Reactions of HNO

The results presented in the previous sections demonstrate that the MBPT
calculations predict equilibrium structures for HNO with excellent accuracy

*and the relative energies of the three states with good accuracy. To
represent a potential energy surface accurately, however, requires that the
theoretical method predict the dissociation energy with good accuracy also.

The dissociation energy, Do, of HNO in the ground electronic state, 48.6
kcal/mol,5 4 is well known and the dissociation energies from the two lowest
excited states can be deduced since the excitation energies are known and
since all three states dissociate to the same products, H(2 S) + NO( 2H). Thus,
the dissociation energy for the a3A" state is 29.1 kcal/mol, while that for
the VA" state is 11.0 kcal/mol.

To compare the theoretical and experimental dissociation energies, the

theoretically determined electronic energies must be corrected for vibrational

zero-point energy chan es. Using experimental frequencies for the XIA' state
of HNO and the ground Il state of NO, the zero-point energy change for the
dissociation of ground state nitrosyl hydride is -5.56 kcal/mol. Combining
this result with the estimated frequencies for the a3A" and the experimental
data for the 'A'A" state, the zero-point energy changes for dissociation from
those states are 4.4 and 4.8 kcal/mol, respectively. Listed in Table 9 are
predicted values for the hydrogen dissociation energies of the three lowest
relectronic states of nitrosyl hydride. The most obvious result of the

calculations is the inadequacy of the self-consistent-field method for
predicting relative energies. The encouraging result of the study is that
each of the rBPT and CCD calculations gives good results for each of the
dissociation energies. it is particularly encouraging that the D-MBPT(4)
calculations predict the dissociation energies well since this is the level of
theory that is least expensive for calculating the hypersurfaces for each

reaction.
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Table 9. Dissociation Energies for HNO

Do (kcal/mol)

State

zFp UHF D-MBPT(4) DQ-MBPT(4) SDQ-MBPT(4) CCD Exp. a

XiA' -5.6 19.3 46.2 45.2 44.6 46.1 48.6

a3A" -4.2 23.8 27.9 28.2 27.6 29.1 29.1

AIA" -4.8 14.2 11.1 11.4 11.7 13.1 11.0

a. Reference 63.

The results of D-MBPT(4) calculations for the potential energy surfaces
corresponding to each of the dissociation reactions are summarized in Table
10. For each value of the NH bond length, the electronic energy predicted by
D-MBPT(4) calculations is minimized as a function of the NO bond length and
the HNO angle. These parameters are presented in Table 10 for each of the
three electronic states. In addition, we provide the results of both the UHF
and D-MBPT(4) electronic structure calculations. The most obvious difference
between the correlated and uncorrelated results are the classical dissociation
energy and classical barrier estimates for the ground electronic state. In
that case, UHF calculations predict a dissociation barrier about 4 kcal/mol
greater than D for this electronic state, whereas the D-MBPT(M) calculations
predict a negligible difference. The interesting and important results of
this work are the estimates of classical recombination barriers for each of
the electronic states. The D-MEPT(4) calculations predict almost no barrier
for recombination into the ground electronic state, a barrier equal to 7.1

kcal/mol for formation of HNO in the a3A" state and a barrier equal to 14.0
kcal/mol for formation of HNO in the V'A" state. The recombination barriers

sinificantlv exceed those determined using configuration interaction
calculations.6 2 The CI calculations, however, were constrained by a small
basis set and the use of structures optimized for the ground electronic state
at each value of RNH, so the differences between those results and the results
presented here are not shocking. The UHF calculations predict recombination
barriers for the two excited states that differ only by 1.8 kcal/mol.
'owever, it should be noted that our UHF barrier calculations do not
correspond to transition state structures optimized at the SCF level.

Another interesting aspect of the calculated potential surfaces is the
variation in the angular dependence for each of the states. Both of the
singlet states demonstrate a marked increase in the HNO bond angle as the
hydrogen moves away from the NO fragment, while the triplet state shows very
little anzular variation of the optimal structure for any choice of RNH. In
fact, the variation of the electronic energy as a function of the bond angle
in the triplet state is so slight that the variation in bond angle shown in
Tabl, 10 is probably iue to the coarseness of the grid used to optimize the
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angle. The difference in the bond angle variation in the three states,

however, serves to emphasize the differences in relative energies that would

be obtained were one to use SCF-optimized structures of the ground state for

correlation calculations in all three states.

The potential energy as a function of dissociation coordinate is shown

for the three electronic states in Figure 2. An interesting feature of the

curves is the broadness of the barrier in the transition state region of the

two excited states. This feature suggests that quantum mechanical tunneling

through these barriers should be slow. Hence, it seems unlikely that

tunneling is a reasonable explanation for the observed diffuseness in the

excitation spectra. In fact, our results support Freedman's suggestion that

the break off in the rotational structure corresponds to an intersystem

crossing to an electronic state with an accessible continuum.5 7  In the next

section we consider possible mechanisms for the formation of HNO in the VA"

state, the origin of the observed chemiluminescence.

-. 15

20

I

HNO- H*NO

X
1 A

-.25
1.0 2.0 3.0 4.0 5.0 20.0

RNH

Figure 2. The Calculated [D-MBPT(4)I Potential Energy Curves for the

Three Lowest Electronic Qtates of Nitrosyl Hydride

For each choice if RNH shown, the bond angle and nitrogen-oxygen bond
length were optimized for each of the states.
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E. Relative Rates for Recombination Into Three Electronic States of HNO

In order to obtain estimates of the relative rates for the recombination

of hydrogen and nitrogen oxide to form HNO in each of the three electronic

states, we use a simplified theory of unimolecular reactions developed by Troe

and coworkers. 7 3 - 7 5  In his review paper on the predictive possibilities of

unimolecular rate theory, Troe cites the lack of detailed knowledge of the
potential energy hypersurfaces and of the intermolecular energy transfer

processes. We have described the details of the potential energy surfaces for

three states of nitrosyl hydride, so we have supplied one of Troe's
unknowns. The details of the energy transfer processes stand outside the

range of this study, but by invoking the strong collision postulate, relative

reccmbination rates for the formation of nitrosyl hydride may be obtained.

Troe 7 5 expresses the limiting low pressure, pseudo-first-order rate

coefficients, k0, for thermal dissociations as

ko = Bksc (15)
scs

where Bc represents the temperature dependent collision efficiency and k s c

represents the stronR-collision form of the limiting rate coefficient. 4he

corresponding rate coefficient for recombination krec,0, is obtained from k0

with the equilibrium constant Kc, via

k rec, 0 = k0 c  (16)

sc
Troe gives an expression for k0  in terms of factors such as the harmonic
density of states, the Lennard-Jones collision frequency, the vibrational

partition function, and the critical energy, EO , as well as terms to account

for anharmonicity corrections, the energy dependence of the density of states,
and rotational effects. We use Eq. (1) of Reference 75 to estimate k 

c.

Expressions to evaluate each of the factors in that equation are summarized in
!eference 74. For the purpose of this discussion, oc=l for the unimolecular

dissociation reaction of each state of HNO.

One can predict the rate coefficients for unimolecular dissociation of

HNO in each of the three states, provided that molecular data describing the
reacting system are available. The data required are the molecular structure

and vibrational frequencies for the reactant and the activated complex, as

well as the energy barrier to be overcome during the reaction, the critical

energy. All of these data are available, in principle, from the results of

the potential energy surface calculations. However, as was discussed in the

precedin? section, the theoretically estimated values for the vibrational
frequenci,-s igree poorly with experimentally determined values. Consequently,

the rate coefficient calculations described here use errirical frequencies for

the XIA' and AIA1 ' states, and estimated frequencies for the a3 A" state and the

activated complexes. The estimated frequencies arc chosen to aaree with the

zero-point vibrational energy differences predicted by GRADSCF calculations.

In order to estimate relative recombination rates, we must also determine
the, ratios of the equilibrium constants for the different electronic states.

These ratios can be obtained using the molecular data predicted by the MBP'r

calculations, along with the predicted excitation energies. Because the

masses of all the chemical species are the same in the three dissociation
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reactions, no effect of translational degrees of freedom will appear when the
equilibrium coefficient ratio is taken.

For the XIA ' and a3 Al states, we have

KC(a3All )  (qelqvibqrot)a3All
Kc= - (17)

K c(XIA ')  (q el qvib qrot )X A '

Since the products of dissociation of HNO from each of these states are
identical, it is easy to show that

(qe 1 )a3A"1'

e = 3 exp [AE(X1A' + a3A")/kT] 
(18)

(qel)X A'

where AE(X A' + a3 A") is the excitation energy, and the factor 3 accounts for
the degeneracy of the triplet state. The vibrational and rotational partition
function ratios are obtained by standard statistical mechanical methods. A
completely similar treatment allows the determination of the equilibrium
constant ratio for the X1 A' and VXA" states.

We list in Table 11 the molecular parameters needed to estimate k0 for
dissociation from each of the three electronic states, and to estimate the

equilibrium constant ratios. In Table 12, we summarize the predicted k0 's and

K ratios for a T = 300 K. The recombination ratios for the two excited
states relative to the ground state are given by

k rec(X 1 A') k 0(XIA') K c(a3A")
re - = • (19)

k rec(a 3A") k 0(a 3 A") Kc (X A')

and

k (XIA ' ) k (x A') K (AIA")rec = • (20)

k rec( A") k0 (AA") Kc (XIA')

For T = 300 K, we obtain

k (x 1 A' )

rec 1
3 1.8 x 1

k (a A"l)
rec

and

k (X A' )
rec 1S1.77 x 1010

k (%IA")
rec
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Table 12. Low Pressure Rate Coefficients and Equilibrium Constant

Ratios for HNO, T = 300 K

State k0 (cc mol-i s-1) Kc ratio

X1 A' 1.43 x 1017 ...

a3A '  8.09 x 10- 9  6.65 x 1013

AA' 3.04 x 10-
3  3.5 x 102 5

These predictions suggest that direct recombination into the excited singlet
state, 'XA", is an unlikely source for the chemiluminescence observed in the
recombination of hydrogen and NO. The results do not exclude the excited
triplet state, a3 A", as an intermediate state in the chemiluminescene, via the
mechanism

H(2S) + NO(2 ) + HNO(a 3A")

HNO(a3A") + HNO(IA")

However, the estimate of the number of molecules formed in the triplet state
is low enough that these results cannot be interpreted as substantiating this
two-step mechanism. Perhaps the best mechanism to propose for populating the
AIA" state is the reverse of the process responsible for the break-off in
rotational structure observed for the same state. Thus, intersystem crossing
between the continuum states associated with the XIA' state may be cited.

V. DISCUSSION

The results presented here provide a substantial test of the ability of
MBPT to provide chemically useful information about potential energy
surfaces. Although the limitations imposed by the restriction to a single
determinant reference function limit the applicability of the method and give
caution to some of the numerical results, use of UHF reference functions does
not appear to prevent the theorist fr m obtaining chemically useful results.
As noted in our previous work on HCO, although the UHF reference function for
the ground electronic state was not a pure doublet state, the spin
multiplicity changed very little as a function of the position on the
h~persurface. In the examples discussed here, the reference function for the
A At" state of HNO suffered from large amounts of spin contamination. The
spin-multiplicity of the wavefunction of equilibrium configuration is 2.26,
rather than 1.0, and it is this spin contamination that causes the relatively
large error in the computed [SDQ-MBPT(4)] excitation energy, 4.7 kcal/mol. On
the other hand, the spin multiplicity of the wavefunction at the saddle point
on the AVA" surface is 2.36. Clearly, the spin does not vary strongly as a
function of position on the surface, leaving the hope that relative energies
on the surface are determined with good accuracy. In sufport of this point,
one notes that dissociation energy predictions for the A A" state agree more
closely with the value derived from experimental data than the excitation
energy predictions agree with that experimental datum. It is the case,
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however, that the calculations for the X2 A ' state of HCO and the XIA' and a3A '

states of HNO avoid thy spin multiplicity problems encountered in the
calculations for the XA" state of HNO. Consequently, we are less cautious in
our conclusions concerning those electronic states.

The results reported here also demonstrate the necessity of including
correlation energy effects when studying potential energy surfaces. In the
case of HNO, SCF calculations misorder the electronic states and yield poor
results for the dissociation energy of each state. In addition, the SCF
results predict a barrier to recombination on the X A' surface. Self-
consistent-field calculations for HCO yield a poor prediction for the
dissociation energy of that radical, whereas each of the correlation
calculations that include correlation gives a value that agrees well with the
experimental result.

-3
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